Dehydration of water from surface Mg 2+ is most likely the rate-limiting step in the dolomite growth at low temperature. Here, we investigate the role of polysaccharide in this step using classical molecular dynamics (MD) calculations. Free energy (potential of mean force, PMF) calculations have been performed for water molecules leaving the first two hydration layers above the dolomite (104) surface under the following three conditions: without catalyst, with monosaccharide (mannose), and with oligosaccharide (three units of mannose). MD simulations reveal that there is no obvious effect of monosaccharide in lowering the dehydration barrier for surface Mg 2+ . However, we found that there are metastable configurations of oligosaccharide, which can decrease the dehydration barrier of surface Mg 2+ by about 0.7−1.1 kcal/mol. In these configurations, the molecule lies relatively flat on the surface and forms a bridge shape. The hydrophobic space near the surface created by the nonpolar −CH groups of the oligosaccharide in the bridge conformation is the reason for the observed reduction of dehydration barrier.
■ INTRODUCTION
Dolomite (CaMg(CO 3 ) 2 ) is a very common sedimentary carbonate mineral that has a similar structure to calcite (CaCO 3 ), but with an alternating Ca and Mg basal layers. The uneven temporal distribution of dolomite abundance through the geological records has been bewildering geologists for many decades. 1 To solve this so-called "dolomite problem", it is essential to understand the mechanisms of dolomite formation. In addition to studies of dolomitization mechanisms, 1−4 extensive number of papers have been reported on synthesizing dolomite in ambient laboratory environments. 5−9 As a result, it is now recognized by the community that the growth of dolomite at low temperature (<40°C) cannot be accomplished without catalysts. 10 In general, these catalysts can be divided into two groups: (1) anaerobic bacteria that exist in modern environments where dolomite is precipitating; 1,5−9 (2) metabolites, exudates or cellular components that are related to those anaerobic bacteria, among which dissolved hydrogen sulfide and polysaccharides have shown to be very effective catalysts. 11−13 Despite the progresses made in searching for eligible catalysts, the role of the catalysts in the dolomite formation remains elusive. For instance, it is unknown whether the catalysts take effect in the solution or on the dolomite surface.
Before investigating the role of the catalysts in detail, it is important to first identify the rate-limiting step during the dolomite formation processes. The prevalent opinion 14 is that the key factor accounting for the sluggish kinetics of dolomite growth at room temperature is the Mg hydration. Mg hydration may inhibit the dolomite formation in two ways that are illustrated in Figure 1 : (1) it is difficult for hydrated Mg 2+ ions to be adsorbed onto the dolomite surface from solution (i.e., from step 1 to step 2 in Figure 1 ); (2) the hydration layers above the surface block the binding of carbonate to surface Mg 2+ ions (from step 3 directly to step 7 in Figure 1 ). Previous simulations have shown that the adsorption of hydrated Mg 2+ ions is not a rate-limiting step and that hydrogen sulfides have a negligible effect on the dehydration of the Mg 2+ −H 2 O complex in solution. 15−17 As for the adsorption of carbonate to the surface Mg 2+ ions, two mechanisms have been proposed to enable this process: one is to remove the surface water bound to surface Mg 2+ or to weaken the surface Mg 2+ −H 2 O interactions so that carbonate ions are able to approach surface Mg 2+ (the pathway from step 3 to 4 to 5 and finally to 7 as shown in Figure 1 ); the second mechanism 14 is to increase the availability of carbonate ions (i.e., alkalinity) so that carbonate can compete with surface water for binding to surface Mg 2+ (pathway from step 3 to 6 and then to 7 in Figure 1 ). However, the latter mechanism is not supported by experiments. 11, 12 Thus, it is most likely that catalysts play an active role in dehydration of surface Mg 2+ , but the question is how. One hypothesis for the dehydration of surface Mg 2+ is that catalysts can be strongly adsorbed to the crystal surface replacing the surface water molecules. 11, 12 Our previous study of the hydrogen sulfide adsorption on dolomite surface does not support this idea and suggests that water is more favorably adsorbed onto the surface than the hydrogen sulfide is. 18 Another hypothesis is that catalysts can lower the dehydration barrier of surface Mg 2+ so that carbonate can approach and be adsorbed onto the surface. The goal of this study is to test the latter hypothesis.
Polysaccharides were chosen for our study because, as mentioned above, this class of molecules has been shown to promote the dolomite growth at room temperature. 9 It is also because polysaccharides are the major component of the extracellular polymeric substance (EPS) and EPS is a universal catalyst no matter what the bacteria species is. Instead of studying the long-chained polysaccharides that contain thousands of atoms, we tested α-D-mannose (one of the major monomers making up the polysaccharides used in experiments 12, 13 ) and oligo-mannose. Therefore, our simulations have only considered the local small blocks of the longchained polysaccharides. The effects of mannose and oligomannose in the dehydration barrier of surface Mg 2+ were investigated by using classical MD simulations and the PMF method.
■ METHOD
Force Fields for Molecular Dynamics Simulations. Force fields for CaCO 3 , which include a polarizable core−shell model to account for the electronic polarizability of oxygen atoms in CO 3 2− group, were developed by Pavese et al. 19 Force fields for MgCO 3 were developed by de Leeuw and Parker. 20 However, a recent work has shown that a rigid-ion model of calcite can provide a better description of the interfacial (calcite−water) water structure than the polarizable model. 21 In this rigid-ion version of the calcite force field, the shells are removed and the oxygen charge is the sum of the core and shell while all other parameters remain the same as in the Pavese model. 19 We followed the same method to construct a rigid-ion force field for dolomite. Details of the force field parameters can be found in the Supporting Information.
For mannose (and trimannose) and water we used glycam_06h 22 and TIP3P 23 force fields, respectively. The parameters of mannose and trimannose, water, and the interactions between them were obtained from DL_FIELD_3.1. 24 The initial mannose and trimannose structures were prepared using Carbohydrate Builder code. 25 For dolomite−water interactions, we used the following parameters: the calcium−water oxygen/magnesium−water oxygen interactions were taken from de Leeuw and Parker; 20 the carbon−water oxygen interactions were adapted from Kerisit et al. 26 Because of the large charge disparity between dolomite and sugar, it is important to derive the cross-term force fields so that they are consistent with the Coulomb interactions between dolomite and sugar atoms. 27 By following the method described by Freeman et al., 27 we fitted the A parameters in Buckingham potentials for Ca−O sugar and Mg−O sugar interactions together to the dolomite lattice parameters. The Buckingham potential can be expressed as U(r) = A exp(−r/p) − c/r 6 , where A and ρ are related to the number of electrons and the electron density, respectively. The first term in U(r) describes the short-range repulsive interactions, while the second term describes attraction by van der Waals forces. The optimal combination of 1000 and 650 eV was obtained for A parameters in Ca−O sugar and Mg− O sugar interactions, respectively. The Coulomb interactions between other nonbonded atoms are usually very weak compared to the interactions between Ca 2+ /Mg 2+ and O sugar , and for these cross-terms we used parameters derived in previous studies. 27 In order to validate the fitting parameters, the most stable configuration of mannose on Figure 1 . Proposed steps in the dolomite growth at low temperature. Initially, Mg 2+ ions are in the solution, and they are 6-fold hydrated (step 1). In step 2, the partially dehydrated Mg 2+ ions are adsorbed onto the dolomite surface. The retained water molecules make it difficult for carbonate ions to attach to the surface as shown in step 3. Two possible ways have been suggested to promote the adsorption of carbonate (from step 3 to step 7). One way is to increase the availability of carbonate in the solution (step 6), which hypothesis is not supported by experiments. 11 The second way is to add polysaccharide into the system, which can either replace the surface water or decrease the dehydration barrier so that it is easier for carbonate to approach to the surface Mg 2+ , i.e., steps 4 and 5.
dolomite (104) surface identified from MD simulations at 10 K was then relaxed in ab initio calculations using the density functional theory (DFT) as implemented in VASP. 28 Details of VASP calculations can be found in the Supporting Information. The center of mass of mannose in classical MD simulations was found to be closer to the surface by 0.3 Å as compared to the DFT results, which provides a reasonable agreement. The bond lengths of Ca−O and Mg−O in MD simulations were found to be 2.41 and 2.04 Å, respectively, while the corresponding values from VASP are 2.48 and 2.28 Å. Although there are some quantitative differences between the values obtained with classical force fields and DFT, these differences are relatively small, and the qualitative trends in bonding are in agreement between the two approaches. In addition, the overall structure and orientation of mannose are similar in both MD and DFT simulations.
Simulation Details. The dolomite slab has approximate dimensions of 23.12 × 24.06 × 19.10 Å 3 . The slab has two (top and bottom) free surfaces with the (104) orientation. The slab contains 105 calcium, 105 magnesium, 210 carbon, and 630 oxygen atoms, and it has seven atomic layers with atoms in the middle three layers of the slab being fixed in space while the top two and the bottom two layers are allowed to relax during simulations. A water box is added above the top surface, and because periodic boundary conditions are applied in all three spatial dimensions, this water box is also in contact with the dolomite bottom surface. The total height of the water box is 52 Å. The water box has 880 water molecules, which corresponds to the density of ∼0.9 g/cm 3 . The systems of water, mannose and trimannose adsorptions were relaxed on dolomite (104) surface by using classical MD simulations at room temperature and 1 atm. The code DL_Poly Classic 29 was used and each system was simulated in the NVE (constant number of particles, volumes, and energy) ensemble. Equations of motion were integrated using the Verlet-leapfrog algorithm using a time step of 1 fs. The long-range Coulomb interactions were calculated using the smooth particle mesh Ewald sum (SPME) with a real space cutoff of 10.1 Å. Multiple configurations of mannose and trimannose were explored, and the details regarding the configurations can be found in the Results section.
The potential of mean force (PMF) calculations were carried out for water molecules binding/unbinding to Mg on dolomite (104) surface, both in the presence and in the absence of sugar. The reaction coordinate is the distance between the oxygen atom of a water molecule and a surface Mg atom along the z direction. The PMF calculations were conducted in NVT (constant number of particles, volumes, and temperature) ensemble by using the Nose−Hoover thermostat with a relaxation time of 0.5 ps. The PLUMED package 30 interfaced to DL_POLY Classic was employed to run umbrella sampling. 31, 32 The weighted histogram analysis method (WHAM 33 ) was used to analyze the results of umbrella sampling and to calculate the unbiased free energy along the reaction pathway. In each sampling window, we ran simulations for 6 ns, which was sufficient to reach the convergence of unbiased free energy within 0.1 kcal/mol. Multiple simulations were conducted in each case, as explained in the subsequent sections.
■ RESULTS
In order to determine the effects of sugar on the dehydration of surface Mg, we first studied water adsorption on dolomite (104) surface in the absence of sugar, and we used it as a reference for later calculations that involve sugar. Classical MD simulation of the system was performed for 2 ns at room temperature and 1 atm to examine the water configurations on the dolomite surface. Radial distribution functions (RDF) of Ca−O water , Mg−O water , and O carbonate −H water found peaks at 2.38, 1.9, and 1.65 Å, respectively (Figure 2) . A snapshot of the MD simulation of the water−dolomite (104) surface is shown in Figure 3a . On the basis of our analysis of water density profile along the z direction (Figure 3b ), we can see that there are two hydration layers above the dolomite surface: one is at ∼2.0 Å above the average height of the surface cations and another one at 3.06 Å. The first and second peaks at 1.88 and 2.23 Å in the density profile correspond to the interactions between surface Mg and O atoms in water molecules and between Ca and water O atoms, respectively. The peak at 3.06 Å represents interactions between water hydrogen and oxygen of surface. An X-ray reflectivity work of water−dolomite (104) interface found a first hydration layer at a height of 2.31 Å above the surface cation. 34 The two-layer hydration is similar to that found at the water−calcite (104) interface, which has been studied more extensively than water/dolomite surfaces. Discrepancies in the height of the two-hydration layers between simulations and experiments are not uncommon in calcite− water interface studies. For example, the height of the first hydration layer was determined from experiments to be at 2.0 Å 35 or 2.14 Å 36 while the simulations show a range from 2.0 to 2.4 Å. 26, 37, 38 The discrepancies found for dolomite/water interface between our simulation and the scarce previous experimental studies are of the similar order of magnitude as for the calcite/water interface. In our simulations we identified two types of metastable water configurations above surface Mg. In the first configuration one of the hydrogen atoms of water is pointing toward the nearby carbonate due to a hydrogen bond between the hydrogen atom and the oxygen atom in the carbonate ion (Figure 4a ). In the second configuration ( Figure  4b ) both hydrogen atoms point upward (away from the surface), and they are not bonded to the surface carbonate. Four water molecules (two with configuration 1 and two with configuration 2) were chosen for the subsequent calculations of free energies. Specifically, using methods described in the previous sections, we calculated PMF of a water molecule being desorbed from the surface through the first two hydration layers into the bulk. In Figures 4c and 4d , we can see that there are two energy wells at ∼1.9 and ∼3.2 Å, which correspond to the two hydration layers, respectively. Free energy of water molecules residing in the first hydration layer varies from −6.67 to −7.32 kcal/mol. Here, we find that the energy barrier for dissociation of a water molecule from the surface Mg atoms (equivalent to the energy barrier to move water molecule away from the surface Mg past the first hydration layer) ranges from 9.40 ± 0.12 to 9.69 ± 0.10 kcal/mol. This range is close to energies calculated for a water molecule leaving the first hydration shell of Mg 2+ in solution, which are 9.0 kcal/mol 16 or ∼10.5 kcal/mol. 17 To examine whether polysaccharides could decrease the hydration barrier of surface water, we first tested the effect of monosaccharide (here mannose), which is the basic unit of carbohydrate and which contains both the hydrophilic −OH group and the nonpolar C−H bonds. Four different mannose 
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Langmuir XXXX, XXX, XXX−XXX configurations on the dolomite surface were simulated, and two of the relaxed structures were chosen for PMF calculations based on the fact that they have the lowest energy configurations among the four initial configurations. The two lowest energy configurations represent two distinct orientations of mannose on the surface: one lies flat on the surface (Figures  5a,b) , and the other one stands vertically above the surface (Figure 5c ). In the system with mannose lying flat on the surface, two sets of PMF calculations were performed for the two water molecules that are adjacent to the mannose and that are bonded to the surface Mg (Figures 5a,b) . The energy barriers for the first layer hydration are found to be 9.83 ± 0.10 and 9.53 ± 0.16 kcal/mol (Figures 5d,e ), which means that there is no obvious effect of mannose with flat configuration on the dehydration of surface Mg. Interestingly, in one of the PMF profiles (Figure 5d ), the peak at ∼3.7 Å (∼10.5 kcal/mol) is much higher than the remaining PMF profile, indicating an increase of dehydration barrier for the second hydration layer. This increase is caused by the interactions between hydroxyl group of the mannose and the desorbing water molecule as the molecule is trying to leave the second hydration layer. Qualitatively similar results are found in the system with a vertical mannose, where the energy barrier for the water molecule leaving the surface Mg (∼9.67 ± 0.13 kcal/mol) ( Figure 5f) is not significantly different from the case without mannose.
Although the monomer of mannose was found to have a negligible effect on the dehydration of surface Mg−H 2 O complex, it is possible that the polymerization of monomers plays an important role in the process. To test this hypothesis, we investigate oligosaccharide (or trisaccharide, three units of α-D-monosaccharide joined by 1−4 linkage) as a model polysaccharide. Seven different trimannose configurations above dolomite (104) surface were explored by performing MD simulations for 3 ns at room temperature and 1 atm (see Supporting Information for the details and energies of the seven configurations). In the lowest energy system (configuration 1), one unit (ring) of the three six-membered rings is bound to the surface while the other two units are pointing away from the surface. The configuration of the unit that bonds to the surface and the solvation environment around this unit are very similar to the system of a vertical mannose adsorbed onto the surface. Consequently, we do not expect this configuration of trimannose to have a significant weakening effect on the surface Mg−water interactions. The energies of the other six configurations of trimannose systems are comparable to each other. In configuration 2, two units of the trimannose bond to the dolomite surface, and the third unit points away from the surface. The other metastable Langmuir XXXX, XXX, XXX−XXX configurations (3, 4, 5, 6, and 7), each with energy about 1−2 eV higher for the entire simulation box (containing more than 3000 atoms) than the ground state configuration 1, display a bridge shape but overall lie flat on the surface (Figures 6a,b) . These bridge-shaped configurations create low water density space just beneath the bridge near the hydrophobic −CH groups. The effect of this bridge shape and the space of low water density under the bridge cannot be tested in the case of monomers. Thus, we performed PMF calculations of desorption of two surface water molecules for configurations 3 and 5 (four PMF calculations in total). In one case, the water molecule lies beneath the bridge and the low water density space is above Mg ions. In another case the desorbing water molecule lies outside the bridge but is adjacent to the low water density space. In the PMF profiles (Figure 6c ) for water molecules under the bridge, we find a decreased energy barrier for the dehydration of the first hydration layer. This barrier is ∼8.67 ± 0.12 kcal/mol in configuration 3 and ∼8.59 ± 0.11 kcal/mol in configuration 5, which is about 0.73 ± 0.17−1.1 ± 0.14 kcal/mol lower than the corresponding barrier in pure water adsorption system. The PMF profile for the water molecule just outside the bridge (Figure 6d ) has shown a similar amount of decrease in the hydration barrier (∼8.66 ± 0.14 kcal/mol).
■ DISCUSSION
Our PMF calculations show that the monosaccharide (mannose) does not have the ability to promote the dehydration of surface magnesium. Although the calculations were carried out with the presence of one monosaccharide, the concentration of monosaccharide is not expected to be a major factor. According to our complementary experiments at low temperature (see Supporting Information), the increase of monosaccharide used in the synthesis does not foster the incorporation of Mg into the carbonate structure. We considered the two major metastable configurations of trimannose on the dolomite (104) surface (one standing up vertically and one lying flat). The bridge-shaped configurations of oligosaccharide lying flat on the dolomite surface are shown to be able to decrease the dehydration barrier for surface magnesium. Hydrophobic space with low water density created by this bridge shape is also observed in our MD simulations of solvation of other trisaccharides (triglucose, trigalactose, and trixylose). This phenomenon is common in the helix of polysaccharides where the interior of the helix is hydrophobic while the outer shell is hydrophilic. 39 The bridge-shaped configurations are not the lowest energy configurations that we explored in our study but the energy difference is small 
Langmuir
Langmuir XXXX, XXX, XXX−XXX considering the number of atoms in the simulation box. The flat configuration could be further stabilized considering the following scenario. In EPS, the polysaccharides usually contain substituents of low molecular weight, such as negatively charged carboxylate groups and sulfates. 40 In aqueous environment, the carboxylate groups can replace the water molecules bonded to Mg 2+ and Ca 2+ ions. 41 For example, the log K values (the logarithms of the equilibrium quotients) for the following two reactions at zero ionic strength are both 1.43: Because of the strong attractions between Ca/Mg and carboxylate/sulfate, the flat configuration of the EPS polysaccharides may be further stabilized and perhaps even become the ground state structure on the dolomite surface.
Most of the previous studies on the role of polysaccharides or carboxyl groups in dolomite growth have been focused on the desolvation of [Mg(H 2 O) 6 ] 2+ in the solution and the adsorption of Mg to the surface. One mechanism explored by some recent works is one where the surface carboxyl functional groups dewater and adsorb Mg 2+ and subsequently form a thin dolomite template for further precipitation under supersaturated conditions. 9, 42 Although the energy barrier for the dehydration of one water molecule from the [Mg(H 2 O) 6 ] 2+ is about 9.0−10.5 kcal/mol, 16, 17 the energy barrier for the adsorption of hydrated Mg 2+ ions on the calcite surface is only 3.06 kcal/mol and is very similar to the adsorption of calcium. 16 Therefore, the adsorption of hydrated Mg from solution to the surface is not likely a rate-limiting step for the dolomite growth. In addition, a thin dolomite template does not necessarily facilitate further growth of dolomite. For instance, X-ray reflectivity and atomic force microscopy experiments have shown that only one-layer 43 or two-layer (dolomite-like) 30 thick film could be formed at very local pitlike sites on the dolomite substrate during reaction with the supersaturated solution. Furthermore, a careful examination of the results from refs 9, 42, and 44 indicates that the published XRD data are too noisy to uniquely identify dolomite peaks. 45 Our simulations have focused on the dehydration of surface Mg, and we have shown that the polysaccharide is able to decrease the dehydration barrier for the surface Mg by its hydrophobic −CH groups, which is a possible reason why polysaccharide is important in the dolomite growth at low temperature. Nevertheless, the pathway for carbonate ions to supplant the surface water molecules in the presence of polysaccharide is complex and needs to be further investigated. 
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